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INTRODUCTION
Glycosylphosphatidylinositol (GPI) is a glycolipid that anchors proteins to the cell membrane. 1 The synthesis of GPI-anchored proteins (GPI-APs) is important for protein processing and function. 2, 3 It also plays a crucial role in embryogenesis, immune response, and neurogenesis. [4] [5] [6] [7] GPI synthesis and GPI-AP modification are mediated by at least 29 genes and loss-of-function pathogenic variants in 19 of these genes have been described to cause neurological impairments including seizures, intellectual disability (ID), developmental delay (DD), and multiple congenital anomalies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] (http://www.iembase.org/nosology/n-browse.asp).
PIGT (MIM 610272) encodes phosphatidylinositol-glycan biosynthesis class T, which is a subunit of the heteropentameric GPI transamidase complex that facilitates the attachment of GPI anchors to proteins. 24, 25 In 2013, Kvarnung et al. identified a homozygous PIGT pathogenic variant in four patients from a consanguineous Turkish family with multiple congenital anomalies-hypotonia-seizures syndrome 3 (MCAHS3) (MIM 615398). 21 Subsequently, compound heterozygous pathogenic variants in PIGT were identified in seven unrelated families with a similar clinical presentation. [26] [27] [28] [29] Among these seven families were two brothers recently described by Skauli et al. who presented with typical features of MCAHS3, but in addition, pyramidal tract signs. 26 The predominant presentation for the 13 patients described so far is that of an epileptic encephalopathy including profound ID, hypotonia, cortical visual impairment, and nystagmus plus cortical/cerebellar atrophy.
Here we describe 13 additional patients from eight unrelated families with PIGT pathogenic variant presenting with seizures, ID, and congenital anomalies. We delineate the electroclinical features of PIGT-CDG and expand the phenotypic spectrum. In addition, we show that some of the mild facial dysmorphic features constitute a recognizable entity given that automated facial image analysis correctly assigns five of the novel patients to the MCAHS phenotypic disease entity.
MATERIALS AND METHODS

Patient analysis and variant identification
All patients were subjected to next-generation sequencing (NGS) 
Automated facial gestalt analysis
The resemblance between the face of a patient and the representation of a syndrome class can be quantified by the gestalt score obtained from Face2Gene. Here we used the gestalt scores of the top 30 syndromes suggested by Face2Gene's DeepGestalt 30 system as vectors for an indirect representation of each case in a high-dimensional vector space (Supplemental Fig. S-1 31 ) and the five novel PIGT cases to create a 215-dimensional syndrome space. A linear principal component analysis (PCA) was performed on the vector matrix to reduce representation to two and three dimensions, respectively ( Fig. 2 and Supplementary Figure S-1E). The relationship between the different cohorts was compared by relative distance measure (Supplemental Fig. S-1F ). Confounder effects were analyzed by distance consistency measure (data not shown).
RESULTS
We recruited 13 patients with homozygous or compound heterozygous variants in PIGT from research and diagnostic programs in Europe and United States. The pedigrees of the families are shown in Fig. 1 
Phenotypic analysis
All 13 novel patients had either profound (patients 1-2, 6-9, and 11-13) or severe (patients 3-5 and 10) intellectual disability and epilepsy with neonatal or infantile onset. The median age at seizure onset was six months (range 1 day-18 months). All patients had myoclonic and/or tonic seizures, often with apnea, sometimes evolving to bilateral tonic-clonic seizures. Subtle focal seizures were also described (patients 1-2, 8-9, and 11-12). Fever-associated seizures were reported in all patients.
The symptoms varied from profound ID and severe drug resistant, neonatal, or infantile onset epilepsy (patients 1-2, 6-9, and 11-13) with recurrent episodes of convulsive status epilepticus (patients 1-2), to severe ID and treatable epilepsy with later age at onset (8-18 months) (patients 3-5 and 10).
The interictal EEG was available in 12 of 13 patients (no data available for patient 8) and was severely abnormal in 11 of them (see Supplementary Table 1) . One patient had a normal EEG at epilepsy onset (patient 8) and no further EEG controls were available. In patients with neonatal epilepsy onset (patients 1-2, 12, and 13), the EEG showed initially a burst suppression pattern and at follow up (patients 1-2) was characterized by background slowing, with frequent multifocal spike and slow waves. Patients with early infantile epilepsy onset and severe drug resistant epilepsy (patients 6, 8, 9, and 11) might have a normal EEG at epilepsy onset (patients 8-9) and develop background slowing, focal theta-delta activity in the frontotemporal regions or in the posterior quadrants, and frequent multifocal spike and slow waves at follow up. The EEG of patients with treatable epilepsy with later age at onset (patients 3-5 and 10) showed only background slowing (patient 10) or background slowing with sporadic (patients 3-5) epileptiform abnormalities in the frontotemporal regions.
Cortical visual impairment was diagnosed in five patients (patients 1, 2, 4, 5, 7, and 11). None of the patients were diagnosed with hearing loss, and they all exhibited normal alkaline phosphatase, plasma calcium, plasma phosphate, and parathyroid hormone values. Congenital heart defects were identified in two individuals and both resolved spontaneously: a persistent foramen ovale (PFO) in one patient (patient 8) and the combination of a PFO and an atrial septal aneurysm in the other (patient 6).
Patients 2 and 7 both died due to pneumonia at 11 and 15 months of age, respectively, and patient 12 died at six months of age following a cardiac arrest. Patient 3 was operated on at the age of two years for a suprasellar adamantinomatous craniopharyngioma.
All patients shared similar craniofacial features that included a high forehead with bitemporal narrowing, a depressed nasal bridge, a short anteverted nose, distinct and prominent philtrum, full cheeks, and an open mouth consistent with general hypotonia. Scalp hair, eyebrows, and eyelashes were sparse in 8 of the 13 patients (patient 1, 2, 3-7, and 11) ( Fig. 2 and Fig. S-2 ). Because clinical pictures were not available it has not been possible to evaluate whether or not the remaining patients shared this feature. MRI brain scan was available in all 13 patients and was abnormal in all but two patients (patients 5 and 13). MRI abnormalities included prominent cortical and subcortical volume loss with brainstem atrophy (patients 1, 2, 3, 8, and 10-11), white matter immaturity (patients 1, 2, and 12), hypoplastic cerebellum (patients 3-5, 8, and 11) and an abnormal corpus callosum (patients 1 and 2) (Supplementary Table 1) .
A detailed clinical description of all 13 patients is available in the Supplementary File S-2.
Automated facial gestalt analysis
Clustering based on facial gestalt analysis by application of Face2Gene's DeepGestalt algorithm shows a nonrandom distribution of published and novel PIGT cases in the glycosylphosphatidylinositol biosynthesis defect (GPIBD) syndrome space. Patients of the two phenotypic series MCAHS and hyperphosphatasia with mental retardation syndrome (HPMRS) form two clusters (Fig. 2e) , in which the MCAHS cluster consists of patients with pathogenic variants in PIGT, PIGN, and PIGA, while the HPMRS cluster takes up cases with PIGV and PGAP3 variant. Some of the overlap in the visualization of the MCAHS and HPMRS cluster (Fig. 2f ) is due to a reduction of information to the two principal components. A better separability between PIGT, PIGA, and PIGN cohorts is achieved in a three-dimensional PCA (Supplementary Figure S-1E) . The special distribution of the five novel patients in the MCAHS cluster is similar to the published PIGT patients (Supplementary Figure S-1E ). Calculation of centroid-based Euclidian distances between patients from the HPMRS and MCAHS phenotypic series showed a hierarchical delineation (Supplementary Figure S-1F) . Confounder effects such as sex, age, and ethnicity were analyzed by distance consistency measure and showed no confinement (data not shown).
Analysis of variants
We identified nine different disease-causing variants including three novel variants (one missense and two splice-site variants). In all families the variants were biallelic. All variants were predicted to be damaging by different prediction tools (Supplementary File S-1). The protein positions of the different PIGT variants are shown in Fig. 3 . Several recurrent pathogenic variants were identified. The c.550G>A variant was recently identified in homozygous state in a Chinese patient, 29 which is shared in patient 11 from Pakistan. The c.709G>C variant was found in two Bangladeshi siblings (patients 12 and 13) and had previously been published in an Afghan male 27 , indicating an Asian origin of the variant. The c.709G>C was detected in a heterozygous state in three patients (patients 12, 13, and the patient 2 reported by Pagnamenta 32, 33 ). All three patients presented with epileptic seizures within the first two weeks of life suggesting that c.709G>C could be associated with a neonatal onset epileptic encephalopathy. The potentially European originating transversion c.1582G>A was found in four Polish patients (patients 3-5 and 10) with severe developmental delay with a treatable epilepsy and the same variant has been identified in compound heterozygous state with a severe loss-of-function variant (c.1730dupC) in a Caucasian patient. 27 This patient had a global developmental delay with seizures; she became seizure-free with a combination of antiepileptic drugs (personal communication). This suggests that the missense variant c.1582G>A could cause a milder phenotype. The limited number of patients does not, however, allow a definitive conclusion regarding this genotype-phenotype correlation.
The novel identified transition c.494-2A>G in patient 3 leads to a loss of a consensus acceptor site and is predicted to affect splicing. leads to loss of a consensus donor site and is predicted to affect splicing.
Overall landscape of disease-causing variants
From the complete data set of 26 patients (13 novel + 13 previously published) with pathogenic PIGT variants, 13 different variant sites emerged, of which three are novel (bold): c.250G>T (n = 2) 28, 34 ; c.494-2A>G (n = 1); c.547A>C (n = 2) (ref. 21 ); c.550G>A (n = 2) (ref. 29 ); c.709G>C (n = 3) (ref. 27 ); c.918dupC (n = 1) (ref. 35 ); c.1079G>T (n = 5) (ref. 26 ); c.1096G>T (n = 1) (ref. 28 ); c.1342C>T (n = 2) (refs. 34, 35 ); c.1472T>A (n = 2); c.1484 + 2T>A (n = 2); c.1582G>A (n = 4) (ref. 27 ); and c.1730dupC (n = 2) (ref. 27 ). Variants were spread across the gene and there was no clustering in a specific domain making it difficult to establish a genotype-phenotype correlation based on the landscape of pathogenic variants.
DISCUSSION
So far 13 patients with a GPI anchor deficiency due to recessive PIGT variants have been described 21, [27] [28] [29] 34, 35 and all but 2 patients 27,29 presented with an epileptic encephalopathy. We describe an additional 13 patients from eight unrelated families. The patients show a broad clinical spectrum and share several common features (Supplementary Table 1 ). The neurological findings include severe/profound ID, epilepsy with variable onset and severity, and a severe congenital hypotonia. The symptoms varied from profound ID and severe drug resistant epilepsy with neonatal-infantile onset epilepsy (8/13 patients), to severe ID and treatable epilepsy with later age at onset (8-24 months) (4/13 patients). Based on previously reported cases and our novel findings we conclude that the missense variant c.1582G>A seems to be associated with a milder phenotype, i.e., treatable epilepsy. Also our data suggests that the c.709G>C could be associated . Sparse scalp hair, bitemporal narrowing, a high forehead, a long philtrum with closely placed philtral pillars, a tented mouth, full cheeks, a depressed nasal bridge, and a short nose in all patients is notable. Eyebrows were either straight (a-c) or arched (d, e). f Principal component analysis of gestalt scores from DeepGestalt of cases with disease-causing variant in PIGT, PIGN, PIGA, PIGV, and PGAP3. Facial gestalt of six of the novel patients (P-1 to P-5, and P-11) share a similar gestalt as previously published cases with variants in genes of the same subgroup PIGT, PIGA, and PIGN (MCAHS). 1-and 2-SD ellipses are drawn around the centroids of the clusters. HPMRS hyperphosphatasia with mental retardation syndrome, MCAHS multiple congenital anomalies-hypotonia-seizures syndrome.
with a neonatal onset epileptic encephalopathy. The limited number of patients, however, does not allow a definitive conclusion regarding this genotype-phenotype correlation. Ophthalmological features including nystagmus and/or strabismus and a cortical visual impairment were also observed in 9 of 13 patients (Supplementary Table 1 ).
The skeletal and endocrine features in our patients differed from the initial five patients reported by Nakashima et al. 34 and Kvarnung et al.; 21 however, their features overlapped with the four patients presented by Lam et al. 35 and Skauli et al. 26 Our patients exhibited normal alkaline phosphatase, plasma calcium, plasma phosphate, and parathyroid hormone values. Bone age was only available in patient 1 and was normal.
Apart from the brothers presented by Skauli et al. 27 all previously described patients had reduced bone mineralization and scoliosis, features that could arise secondary to their neurologic complications. X-rays were only available in three of our patients (patient 1 and 2) and only two patients (patient 1 and 12) underwent a systematic skeletal survey. Scoliosis was found in one of our patients (patient 4), undermineralized long bones were found in three patients (patients 1, 2, and 12), and in patient 12 the reduced mineralization was present already at birth (pictures not shown). Dysplastic distal phalanges were only found in patient 1 (pictures not shown). Congenital fractures located at the right humerus, the right femoral diaphyses, and along the midshaft of the left humerus and also subtle contour abnormality at the anterior ends of the left seventh and eighth ribs were only found in one patient (patient 12), which is a feature not described previously (pictures not shown). So far craniosynostosis has only been described in two patients by Kvarnung et al. 21 -only a metopic and a sagittal ridge were found in one of our patients (patient 8) and did not require surgical intervention.
One of the affected sib pairs had abnormal dentition (patients 1 and 2), similar to the patients described by Kvarnung et al. 21 This finding could be unrelated to PIGT, could reflect a genotype-phenotype effect, or could arise from differences in genetic background. Five patients (patients 1-2, 4-5, and 11) also exhibited significant joint hypermobility, which was also reported by Lam et al. 35 Eleven of the published PIGT deficient patients had neuroimaging (MRI) performed and in all patients cortical and cerebellar atrophy was evident. Kvarnung et al. 21 presented two patients in whom MRI at the age of 2.7 years demonstrated global atrophy with predominant vermis and cerebellar atrophy.
The patient described by Nakashima et al. 34 demonstrated progressive atrophy of the cerebral hemispheres, cerebellum, and brainstem at the age of three years. The two brothers published by Skauli et al. 26 were examined respectively at 14 months and 2.8 years of age. Both demonstrated cortical atrophy and cerebellar atrophy, primarily affecting the vermis. Lam et al. 35 presented MRI observations supporting that atrophy in the cerebellum starts earlier and proceeds more rapidly than atrophy elsewhere in the brain. Finally, Yang et al. 29 described in their patient cortical hypoplasia and cerebellar vermis dysplasia. So far published data suggest that atrophy in patients with pathogenic PIGT variants preferentially affects the cerebellum. In contrast to previous reports, eight of our patients (patients 1-2, 5-7, 9, 12, and 13) showed no signs of cerebellar atrophy (Fig. 4, pictures available for patient 1 and 2). Patients 2, 5, 12, and 13 had the MRI done at a very early age, which could perhaps explain why the cerebellar atrophy was not yet evident, however patient 1 had an MRI done at three days (Fig. 4a, b) , three months (Fig. 4c, d ), nine months (Fig. 4e, f) , and four years ( Fig. 4g, h ) of age. Based on the previously published MRI findings in PIGT patients we would have expected a cerebellar hypoplasia to be detectable at four years of age. Although cortical atrophy was evident, we detected no signs of cerebellar atrophy in this patient. This further expands the clinical spectrum of PIGT-CDG. Congenital heart defects were identified in only two individuals and both resolved spontaneously: a persistent foramen ovale in one (patient 8) and a combined persistent foramen ovale and an atrial septum aneurysm in another (patient 6).
The majority of the published patients had onset of febrileinduced seizures between four and six months of age followed by unprovoked and poorly controlled seizures. In the report by Kvarnung et al. 21 the age at onset of seizures was not specified. We now know that the onset of febrile-induced seizures in their patients was around 12-18 months of age (personal communication). In our cohort the onset of epileptic seizures did also include the neonatal period, leading us to conclude that PIGT-CDG should be considered in patients with hypotonia, severe global developmental delay, and neonatal seizures. EEG recordings were severely abnormal in patients with neonatal onset epilepsy but might also be normal or almost normal in the other patients early in life. At follow up, the most common EEG features were the slowing of the background activity, often associated with focal slowing and multifocal epileptiform abnormalities, predominant in the frontotemporal regions. The severity of the EEG abnormalities seemed to correlate with the severity of the phenotypes. Our novel cases shared similar facial features with previous patients leading us to conclude that there is a common facial gestalt that includes a high forehead with bitemporal narrowing, a depressed nasal bridge, a short anteverted nose, a long philtrum with closely placed philtral pillars, distinct . MRI of patient 2 was performed only once at 13 days of age (i, j). MRI at three days (a, b) shows delayed myelination, normal sulcations, and no atrophy; at three months (c,d) atrophy of the splenium of the corpus callosum, supratentorial atrophy of white matter, delayed myelination, including unmyelinated anterior limb of the internal capsule (ALIC) and only posterior limb internal capsule (PLIC) fully myelinated; at nine months (e, f) somewhat progressed myelination, still delayed, resembling a three-month-old on T1W with a little, but still insufficient growth of corpus callosum and supratentorial atrophy of white matter; at four years (g, h) clearly progressed myelination, but still not completed, supratentorial atrophy of white matter and corpus callosum. No atrophy of the cerebellum. Magnetic resonance spectroscopy (TE:135 ms) at 3T performed in patient 1, nine months old, from right parietal white matter and bioccipital gray matter showed near-normal N-acetylaspartate/choline, choline/creatine ratios, no lactate or other unusual metabolites. T1W sagittal (i) and axial (j) brain MRI exam of patient 2 taken at 13 days of age revealed global delayed myelination, including insufficient myelinated PLIC (shown), normal sulcation, and no atrophy.
and prominant philtrum, full cheeks, and an open mouth consistent with general hypotonia. Scalp hair, eyebrows, and eyelashes were sparse in 8 of 13 patients (patient 1, 2, 3-7, and 11). After reviewing the pictures of the previously described patients, we believe that the patients V-1, V-2, and V-4 described by Kvarnung et al. 21 and the siblings reported by Lam et al. 35 all show signs of sparse scalp hair including a high and thin anterior hairline. Abnormal distribution of hair on the body has not been described as a feature of any of the GPI anchor disorders 36 and the hypotrichosis as a clinical feature has not been previously described in patients with PIGTCDGs. We furthermore identified hypertrichosis in patient 1, which is a possible novel feature in this disease. Therefore, abnormal body hair distribution including hypotrichosis might be a recurrent but overlooked feature of PIGT-CDGs. The automated analysis of the facial gestalt confirmed the presence of a characteristic gestalt in published and novel PIGT cases and a high similarity to other patients from the MCAHS phenotypic series. By using the suggested syndromes from Face2Gene to represent a patient with a characteristic facial gestalt in a high-dimensional GPIBD gestalt space, we were able to show a hierarchical delineation between HPMRS and MCAHS. The GPIBD gestalt space may be further expanded by addition of novel patients into existing cohorts, as well as addition of novel patient cohorts. Thereby, formation of additional clusters may lead to delineation of novel disease entities. Evaluation of confounding factors (such as sex, age, and ethnicity) demonstrates the robustness of the applied methods. Thus, the combination of deep phenotyping, automated facial image analysis, and NGS is sufficient for correct molecular diagnosis.
There are no current FDA-approved therapies for GPI anchor disorders, but the progressive nature of PIGT-CDG is attractive for therapies that slow or halt the neurologic deterioration. 36 Identification of additional PIGT-CDG patients should further define the clinical spectrum and assist in developing diagnostic criteria.
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